In an earlier study we reported nearly 100 previously unknown dusty debris disks around Hipparcos main sequence stars within 75 pc by selecting stars with excesses in individual WISE colors. Here, we further scrutinize the Hipparcos 75 pc sample to (1) gain sensitivity to previously undetected, fainter mid-IR excesses and (2) to remove spurious excesses contaminated by previously unidentified blended sources. We improve upon our previous method by adopting a more accurate measure of the confidence threshold for excess detection, and by adding an optimally-weighted color average that incorporates all shorter-wavelength WISE photometry, rather than using only individual WISE colors. The latter is equivalent to spectral energy distribution fitting, but only over WISE band passes. In addition, we leverage the higher resolution WISE images available through the unWISE.me image service to identify contaminated WISE excesses based on photocenter offsets among the W 3-and W 4-band images. Altogether, we identify 19 previously unreported candidate debris disks. Combined with the results from our earlier study, we have found a total of 107 new debris disks around 75 pc Hipparcos main sequence stars using precisely calibrated WISE photometry. This expands the 75 pc debris disk sample by 22% around Hipparcos main-sequence stars and by 20% overall (including non-main sequence and non-Hipparcos stars).
INTRODUCTION
Debris disks around main sequence stars are typically discovered by their characteristic infrared (IR) excesses. Their fluxes at λ 5µm are significantly higher than would be expected from stellar photospheric emission alone. A debris disk can be detected by fitting a photospheric model to the shorter-wavelength (visible and near-IR) photometry, and by subtracting the fitted photosphere to check for a 5µm excess. A large number of debris disk-host stars have been found this way, using data from IRAS (e.g., Moór et al. 2006; Rhee et al. 2007; Zuckerman 2001 , and references therein), Spitzer (e.g., Su et al. 2006; Bryden et al. 2006; Trilling et al. 2008; Carpenter et al. 2009 ), AKARI (e.g., Fujiwara et al. 2013) , and WISE (e.g., Cruz-Saenz de Miera et al. 2014; Vican & Schneider 2014) .
A limitation of this approach is the accuracy of the determination of the underlying stellar photosphere. Flux comparisons across wide wavelength ranges-optical/near-IR for the photosphere and mid-IR for the excess-can be uncertain by several per cent. The combination of photometric data from different surveys (e.g., Tycho-2, SDSS, 2MASS, WISE, IRAS ) incorporates often unknown systematic uncertainties in the photometric calibration among the survey filters. Any stellar variability between the observation epochs also adds an unknown contribution. Thus, while the systematic color uncertainties of photospheric models are generally well below a per cent, the determination of the photospheric emission in the mid-IR is uncertain by a few per cent (1 σ). Adding to these limitations are other data systematics, most common of which can be uncertainties in the mid-IR filter profiles and the corresponding color corrections (e.g., Wright et al. 2010) . As a result a number of previous searches for WISE excesses through SED fitting have resulted in high fractions of spurious excess detections, up to 50% (see discussion in Patel et al. 2014a, henceforth PMH14) .
Notable exceptions are the surveys of Carpenter et al. (2009) , Lawler et al. (2009), and Dodson-Robinson et al. (2011) , who demonstrate that the Infrared Spectrograph (IRS; Houck et al. 2004 ) on Spitzer was the most sensitive (right) for all stars in our 120 pc parent sample. We have assumed that the negative portion of each Σ E distribution is representative of the intrinsic random and systematic noise in the data (Section 3.1). The mode of the full distribution is shown by a vertical black dashed-dot line. A reflection (dashed histogram) of the negative portion of the Σ E histogram around the mode is thus representative of the false positive excess expectation. We define the FDR at a given Σ E as the ratio of the cumulative numbers of >Σ E excesses in the positive tails of the dashed and solid histograms. The vertical dotted lines indicate the FDR thresholds for each weighted W j excess: 2% for W 3 and 0.5% for W 4. We identify all stars with FDR values below these thresholds (correspondingly higher ΣE values) as candidate debris disk hosts. Each inset shows a log-log fit of a line to the last ten points in the reverse cumulative distribution function (CDF) of the uncertainties (see Section 3.1). Assuming exponential behavior in the tail of the uncertainty distribution, this fit smoothes over the stochasticity in this sparsely populated region of the uncertainty distribution to attain a more accurate estimate of the FDR threshold.
now add a search for weighted W 3 or W 4 excesses (Section 3). For the weighted W 3 excess search we require valid photometry in all of W 1, W 2 and W 3, while for the weighted W 4 excess search we require valid photometry in all four bands.
SINGLE-COLOR AND WEIGHTED-COLOR EXCESSES
We define as single-color excesses those that are identified in individual WISE colors (Section 3.1). Weightedcolor excesses are those that are identified from the weighted combination of WISE colors. Thus, a star can have both W 2 − W 4 and W 3 − W 4 single-color excesses, and a W 4 weighted-color excess. The existence of one or more single-color excesses is generally correlated, although not necessarily, with the existence of a weighted-color excess.
Improved Identification of Single-color Excesses
We identify single-color WISE excesses from the significance of their color excess as defined in Equation 2 of PMH14:
The numerator determines the color excess E[W i − W j] by subtracting the mean photospheric color W ij (B T − V T ) from the observed W i − W j color. We used the calibrations of WISE photospheric colors of main sequence stars from PMH14 (see also Patel et al. 2014b) . The significance of the excess Σ E[W i−W j] is obtained by normalizing by the total uncertainty σ ij , which is a quadrature sum of the WISE All-Sky Catalog photometric uncertainties, uncertainties in the saturation correction applied to bright stars, and uncertainties in the photospheric color estimation (PMH14). Throughout the rest of this paper, the significance of a single-color excess is denoted with Σ E . The single-color WISE excesses are selected by seeking stars with Σ E values above a pre-determined confidence level (CL) threshold: CL=98% at W 3 and CL=99.5% at W 4. The CL can be expressed in terms of the false-discovery rate (FDR): FDR = 1 − CL. 4 We denote the Σ E value at CL as Σ ECL . As in PMH14, we determine the Σ ECL values for the different colors from the Σ E distributions themselves. Thus, the Σ ECL values for our respective 98% and 99.5% CL thresholds in W 3 and W 4 correspond to where the FDR drops below 2% for W 3 or below 0.5% for W 4 excesses.
The FDR can be determined empirically from the Σ E excess distributions. To estimate the distributions of uncertainties, we assume that the effect of random errors on Σ E is symmetric with respect to Σ E = 0. This would be . We use the rCDF to estimate the FDR at any ΣE, with FDR being the ratio of the black and red rCDFs. The vertical dash-dotted line shows the more conservative ΣE 99.5 estimate of the confidence threshold from PMH14, set half-way between the last two points. The vertical dashed line shows the present ΣE 99.5 estimate, based on a fit (solid green line) to the last ten data points in the tail of the rCDF (magenta squares). The left panel shows the full rCDFs, while the right panel zooms in near the ΣE CL threshold.
generally true if, as is our supposition, photometric errors are symmetrically distributed around zero.
The Σ E distributions of the various colors do indeed peak close to zero (PMH14), which supports this assumption. Hence, we assume that the negative halves of the Σ E distributions are representative of the negative sides of the uncertainty distributions. We then mirror the negative Σ E values to obtain the full distributions of uncertainties. We illustrate this method for determining the FDR in Figure 1 , albeit not for the single-color excess Σ E metrics discussed here and in PMH14, but for the weighted-color excess Σ E metrics introduced in Section 3.2.
This empirical estimate of the FDR offers a straightforward method to assess the reliability of candidate excesses. However, the exact value of the Σ ECL threshold tends to rely only on the one or two most-outlying stars in the (negative wing of the) Σ E distribution (Figure 1 ), and so is uncertain. In PMH14 we purposefully overestimated Σ ECL by the half distance to the star prior to the one that satisfied the FDR threshold. Our estimate of the Σ ECL was conservative, not very accurate, and may have excluded potentially significant excesses.
Here we iterate on this approach by taking advantage of the near-Gaussian behavior of each uncertainty distribution. To circumvent the small-number sampling in the tail, we average the functional behavior by fitting an exponential curve to the last ten points in the reverse cumulative distribution function (rCDF) of the uncertainty distribution (Figure 2 ). This continuous form of the tail of the uncertainty distribution enables a more accurate estimate of the FDR. a Excess significance threshold for single-color excesses (ΣE CL ) or weighted-color excesses (Σ E CL ).
We used the improved confidence threshold determination procedure to search for additional single-color excesses in the same sets of stars and colors (W 1 − W 4, W 2 − W 4, W 3 − W 4, W 1 − W 3 and W 2 − W 3) as in PMH14. We found 29 additional single-color excess candidates. We rejected HIP 104969, and HIP 111136 after visual and automated inspections (Section 4) for line-of-sight contamination, and we rejected HIP 910 on suspicion of it being a spurious detection (see Section 5.1.1). We are thus left with 26 single-color excess candidates, 18 of which do not have IR excess detections reported in the literature. Of these 18, 17 are newly detected single-color excesses at W 4 (99.5% confidence), and one has a significant (98% confidence) single-color excess only at W 3, with a marginal excess at W 4. The excess detection statistics are summarized in Table 1 . The newly detected excesses and their Σ E significances are listed individually in Table 2 . The 3 rejected single-color excess candidates are included in a list of rejected candidates in Table 3 . Note-The second column indicates the combination of detections from individual colors. Each flag is a five character string that identifies whether the star has a statistically probable (Y) or insignificant (N) single-color excess in the following order: W 1 − W 4, W 2 − W 4, W 3 − W 4, W 1 − W 3 and W 2 − W 3. Any star can have an unlisted (U) value, indicating that the star was rejected by the selection criteria for that particular color (Section 2.2 in PMH14). "U" entries correspond to null entries in the corresponding W i − W j Σ E column. Column 3 shows a two-character flag to indicate whether the star has a significant weighted-color excess in the following order: weighted W 4 excess and weighted W 3 excess. Column 4 lists whether or not the star has a new excess detection in the W 4 or W 3 bands (22 or 12µm), or not. Dashed entries ("-") indicate no detected excess in that band. The last seven columns list the significance of the excess for each color or weighted metric.
Defining a New Weighted-Color Excess Metric
In PMH14 and Section 3.1 we identified debris disk-host candidates by selecting stars with individual anomalously red WISE W i − W j colors, where i = 1, 2, 3, j = 3, 4, and i < j. However, it may be possible to attain more reliable excess detections at W j by combining all relevant W i − W j colors. Herein we define this new "weighted-color excess" metric.
As in Equation 1, we first remove the contribution from the photospheric emission. Thus the single-color excess is: a These rejected excesses were also recovered using our improved single-color detection techniques.
b These rejected excesses have been confirmed as debris disk hosts by higher angular resolution Spitzer observations. See Section 4.3.
Since we want to use the strength of all possible WISE color combinations for band W j, we constructed the weighted average of the color excesses as
where σ W i is the photometric uncertainity of W i and j = 3, 4. Here, A = 
The full derivation of this metric can be found in Appendix A. We use Σ E throughout the rest of the paper as shorthand for the significance of the weighted-color excess for either W 3 or W 4, as appropriate, and Σ E as shorthand for the significance of the single-color excess when the discussion does not refer to any specific color.
Weighted-Color Excesses
We extend the same procedure used to identify stars with single-color excesses in Section 3.1 to search for optimally weighted-color excesses in W 3 or W 4 using Equation 4. When discussing weighted excesses, we denote the confidence threshold as Σ ECL . We plot the Σ E distributions as solid red histograms for both W 3 and W 4 in Figure 1 . The positive wings of the uncertainty distributions, defined analogously to those for the single-color uncertainty distributions, are shown as dashed blue histograms. The Σ ECL threshold is shown as the vertical dotted green line. We claim that a star has a significant weighted-color excess if its Σ E ≥ Σ ECL .
We identify 6 stars with 98% significant weighted W 3 excesses within 75 pc of the Sun, among which we expect 2% × 6 = 0.12 to be false positives. We identify 187 stars with 99.5% significant weighted W 4 excesses within 75 pc of the Sun, among which we expect 0.5% × 187 = 0.94 to be false positives. These FDRs only take into account the probability of detecting an excess due to random noise, and do not filter out real excesses that may be caused by other astrophysical contaminants (e.g., IR cirrus or unresolved projected companions).
As with the single-color excess candidates (Section 3.1), we performed visual and automated inspection of the WISE images to determine contamination. None of the six weighted W 3 excesses were deemed to be contaminated, while 14 of the 187 weighted W 4 excess sources were found to be contaminated. Three of these stars, HIP 69281, HIP 69682, and HIP 106914 were rejected in Patel et al. (2015) due to contamination by nearby background sources. Ten of the 14 have single-color excess detections that were already rejected as debris disk candidates in either PMH14 or Patel et al. (2015) and again in Section 3.1. The remaining one, HIP 111136, is a new weighted W 4 excess candidate, and was also detected by our improved single-color detections in Section 3.1, but had not been identified as a single-color excess in PMH14. However, we rejected it as its W 4 images reveal line-of-sight IR cirrus contamination.
Except for HIP 69281, HIP 69682, and HIP 106914, we list the remaining 11 rejected sources in Table 3 . In section 4.2, we remove an additional seven stars, leaving us with 166 weighted W 4 excess stars (Table 1 ). Figure 3 shows the relation and overlap between the single-color and weighted-color W 3 and W 4 excess detections.
AUTOMATED REJECTION OF CONTAMINATED STARS USING REPROCESSED WISE IMAGES
WISE offers higher angular resolution than IRAS. However, source photometry is still prone to contamination by unrelated astrophysical sources seen in projection. Possible contaminants may include nearby point sources at angular separations comparable to the sizes of the WISE W 3 and W 4 point-spread functions (PSFs). Even if the All-Sky Catalogue provides resolved photometry for such objects, the deblending algorithm may introduce systematic errors in the flux that are not characteristic of isolated point sources. Other possible contamination can be caused by nearby extended emission: e.g., from interstellar cirrus or from the PSF wings of a nearby bright source. We expect that both types of contamination may manifest themselves in discrepant source positions: either between the W 3 and W 4 images, or among W 4 positional measurements that use different photocentering region sizes.
Neither the WISE All-Sky Survey Catalog nor the AllWISE Catalog list astrometric positions in each of the separate bands. Therefore, we downloaded the co-added W 3 and W 4-band images for all stars in our parent sample to measure their band-specific positions. As we describe below, we used images with the native WISE angular resolution rather than the smoothed, √ 2× broader images accessible from the WISE All-Sky Survey or AllWISE data releases.
Using unWISE Images to Identify Contaminants
Instead of using the co-added and mosaicked 'Atlas' images from the WISE All-Sky Survey, we used the higher angular resolution unWISE images, which can be retrieved from the unWISE image service 5 (Lang 2014) . In the official All-Sky Survey and AllWISE data releases, the final images were created by stacking individual exposures and then convolving each stack with a model of the detector's PSF. In contrast, the unWISE images were created by eliminating the final convolution step, thus preserving the original WISE resolution (Lang 2014) . Hence, the unWISE PSF is a factor of √ 2 narrower than for the All-Sky Catalog images (∼6.0 ′′ vs. ∼8.5 ′′ at W 1, W 2, W 3 and ∼12 ′′ vs.
′′ × 150 ′′ postage-stamp W 3 and W 4 images from the unWISE website for all of our excess candidates, each centered on the stellar coordinates at the mean WISE observational epoch. We also downloaded images for the 16960 PMH14 parent sample stars: Hipparcos main sequence stars within 120 pc. This sample is the union of all the stars that comprised the parent samples for the five different color excess searches in PMH14:
, and W 3 − W 4. We use this amalgamated parent sample as a basis for determining which candidate excess stars have statistically significant positional discrepancies.
We explored two independent ways to automatically detect unrelated contamination: one primarily for point sources and one for extended sources. We hypothesized that unrelated point-source contaminants can be identified through significant positional offsets between the centroids of the W 3 and W 4 unWISE images. These would represent cases where the catalogued W 4 excess is caused by the contaminating source, which would then likely have a much redder W 3 − W 4 color than the target star. The W 4 centroid of the target star would then be shifted away from the W 3 centroid, in the direction of the contaminating object. We extracted W 3 and W 4 centroid positions for the parent sample stars from the unWISE postage stamps. We denote these as r W 3 and r W 4 , respectively. The centroid positions were obtained from 2D Gaussian fits to the pixel values in a 3.06 pixel (8.42
′′ ) radius aperture, with a Gaussian of σ = 1.02 pixels. The σ value was chosen to yield a full width at half maximum (FWHM) of 2.40 pixels (6.60 ′′ ), slightly larger than the FWHM of the W 3 unWISE PSF.
We also hypothesized that extended-source contaminants could be identified by comparing the W 4 centroid calculated in an r = 3.06 pixel (8.42
′′ ) aperture to a W 4 centroid calculated in a wider r = 10.0 pixel (27.5 ′′ ) aperture (extending out to the second Airy minimum). These would correspond to cases where a star is projected on a background of interstellar cirrus. The smaller-aperture centroid would be dominated by the stellar PSF, while the wider-aperture centroid would be weighted more strongly by the spatial distribution of the cirrus. If the cirrus surface brightness distribution is uneven, that would generally result in a systematic offset between the narrow-and wide-aperture centroids. As before, we extracted W 4 centroid positions for the parent sample stars from the unWISE postage stamps. We denote the W 4 wide-aperture centroids as r W 4 , wide .
Altogether, we aim to automatically identify contaminants based on large offsets between the W 3 and W 4 image centroids ( r W 3,W 4 = r W 3 − r W 4 ), or between the W 4 image centroids calculated from narrow vs. wide apertures ( r W 4,W 4 = r W 4 − r W 4 , wide ). We can set the threshold for contamination in our science sample by studying the distribution of positional offsets for the parent sample. We can then mark as contaminated all science sample stars with offsets larger than the chosen threshold for either of the methods.
Rejecting Astrometric Contaminants
The automated contamination checking approach outlined in the preceding Section 4.1 needs to take into account two considerations. First, the positional uncertainty of an object depends on its signal-to-noise ratio (SNR). Consequently, Transformed centroid of sets:
Transformed centroid of sets:
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c. d. the distribution of the r W 3,W 4 and r W 4,W 4 centroid offsets varies as a function of SNR. Therefore, the rejection threshold needs to depend on SNR. Second, the positional x and y uncertainties are correlated in pixel coordinates because the WISE PSF is not circularly symmetric. For example, the W 3 PSF has (post-convolution) major and minor axes of 7.4 ′′ and 6.1 ′′6 . Consequently, the distribution of the centroid offsets r W 3,W 4 and r W 4,W 4 will not be centrally symmetric, and their ∆x and ∆y projections onto pixel coordinates will be correlated. Generally, the ∆x and ∆y distributions will follow different degrees of correlation as a function of SNR.
We illustrate these two considerations for the r W 3,W 4 centroid offsets in panels (a) and (b) of Figure 4 . The bean-like cloud of data points in Figure 4a shows a clear trend for a widening distribution of ∆r 2 = ∆x 2 + ∆y 2 variances in the r W 3,W 4 centroid offsets at lower W 4 SNRs. The elongated 2D distribution of ∆x vs. ∆y in Figure 4b shows the covariance expected from the centrally asymmetric shape of the WISE PSF.
Eliminating SNR and Covariance Dependencies in the Astrometry
The covariance of the ∆x and ∆y offsets at any W 4 SNR means that we cannot determine the significance of a star's astrometric offset by simply calculating ∆r 2 = ∆x 2 + ∆y 2 . Instead, we require a distance statistic that is independent of the covariance among ∆x and ∆y. In addition, because the covariance of the ∆x and ∆y offsets depends on SNR, the covariance matrix must be calculated at different W 4 SNRs.
We start by binning our parent sample in W 4 SNR bins in the W 4 SNR vs. | r| = ∆r space. The binning is illustrated in Figure 4a . The bins are not equally spaced, but are instead chosen such that all bins contain an equal number of stars, which in turn ensures that there are no under-represented bins. To determine the optimal number of bins, we first start with a small number (e.g., 4) of bins, and in each bin calculate the geometric mean of the variances along the principal axes of the 2D ∆x vs. ∆y distribution: i.e., the eigenvalues of the covariance matrix. The geometric mean approximates what the (joint) variance would be if the positional offsets in ∆x and ∆y were uncorrelated and had equal variance. The geometric means of the ∆x 2 and ∆y 2 variances for each bin are shown as red points in Figure 4a , where they are multiplied by 3 for illustrative purposes. We then increased the number of bins until the geometric means for all bins stopped forming a sequence that had a monotonically increasing derivative. For our analysis, we thus used nine equally populated bins. We expect the relationship between SNR and astrometric offsets to be smooth, and using more than nine bins results in a jagged approximation.
We then need to determine how the empirical distribution of the geometric means of the ∆x 2 and ∆y 2 variances can be used to set a probability threshold for contamination. Each population of | r| offsets in the W 4 SNR bins is comprised of an underlying statistically random population and an outlier population. The covariance matrix of the ∆x and ∆y offsets must be calculated for the statistically random sample while being insensitive to the presence of outliers. To this end, we adopt the minimum covariance determinant (MCD; Rousseeuw & Driessen 1999) method.
The MCD method is optimized to selectively ignore data that are significantly distant from the center of the distribution, such that the determinant of the resulting covariance matrix Σ ∆x,∆y is minimized. Figure 4b illustrates the covariance ellipses calculated by the MCD technique, for a given W 4 SNR bin.
Finally, we adopt a dimensionless distance metric, the Mahalanobis distance (Mahalanobis 1936) , to represent all astrometric offset measurements. Doing so allows us to normalize over the differences in the lengths of the eigenvectors of the Σ ∆x,∆y covariance matrices among the W 4 SNR bins. We calculate the Mahalanobis distance D M using a matrix multiplication of the observed offset ∆r = (∆x, ∆y) and the distribution's covariance matrix (Σ ∆x,∆y ):
The calculation of the Mahalanobis distance is the multi-dimensional equivalent of subtracting the mean of the distribution and dividing by the standard deviation. In essence, we are performing two separate transformations to the 2-D ∆x and ∆y offset distributions: a rotation and scaling. The rotation is dictated by the eigenvectors of the covariance matrix Σ −1 ∆x,∆y , while its eigenvalues determine the magnitude of the scaling. The transformed 2-D offset distribution is then centrally symmetric, with the Mahalanobis distance D M describing the radial distance of each data point from the origin in units of the standard deviation of the distribution (see Figure 4c-d) .
We calculate the Mahalanobis distances separately for each bin, since the covariance matrices differ. Figure 4c shows how the 2-D ∆x vs. ∆y distribution for a given W 4 SNR bin is transformed after being decorrelated and normalized (by dividing out the square root of the covariance matrix). Figure 4d shows the final version of the W 4 SNR vs. | r| distribution, where the | r| offsets have been expressed in terms of the dimensionless Mahalanobis distances. The Mahalanobis distance distributions are identical (by design) across all bins, which allows us to set a uniform threshold for rejecting positional outliers.
Adopting A Uniform Rejection Threshold
In the absence of contamination by nearby sources, the centroids of the majority of the stars would be distributed according to a multivariate normal distribution. Consequently, the Mahalanobis distances would follow a χ 2 distribution of two degrees of freedom. We aim to separate the population of uncontaminated stars from the outlier population of contaminated stars whose centroids are offset because of nearby emission. As an estimate of the uncontaminated population, we select all stars with D M < 2. Since the population of uncontaminated stars dominates at such small offsets, and since the spatial distribution of its centroid offsets is expected to be narrower, we expect the set of D M < 2 stars to not be significantly affected by contamination. We denote f (x) to be the probability density function of the χ 2 distribution with two degrees of freedom representing the uncontaminated population, while N DM <2 is the number of stars in this population. Thus, the uncontaminated distribution can be represented using the empirical data and scaled such that
where A is the normalization factor. We then calculate A from Equation 7 and use it to compare the empirical D M distribution for the centroid offsets to the expectation Af (x) for an uncontaminated distribution. We estimate the fraction of stars within a certain D M that are expected to be uncontaminated by calculating the negative predictive value (NPV) as a function of D M . If we set a threshold D M0 beyond which we reject stars as astrometrically contaminated, then the NPV is defined as:
In our case, we set the NPV = 99. small D M (fewer data points) and become monotonic only at larger D M . Therefore, while there are several possible D M values at which NPV = 99.5%, we retain the largest one as our threshold D M0 . We reject candidate excesses with Mahalanobis distances above these thresholds.
Figures 6 and 7 show the distribution of the Mahalanobis distances with respect to the W 4 SNRs for both analyses. We find that three of the candidate excesses, associated with HIP 35198, HIP 63973, and HIP 78010 are rejected because of large W 3-to-W 4 centroid offsets (Figure 6 ), and eight candidate excesses are rejected because of large centroid offsets between the narrow and wide W 4 apertures (Figure 7 ). Only HIP 63973 is rejected by both techniques. All of these rejected stars were previously identified in PMH14 as single-color W 4 excesses and except for HIP 19796, HIP 20998, and HIP 28498 (due to "bad" W 1 and W 2 photometry), were also identified as weighted-W 4 excesses in this study. In the following, we address the reliability of our automatic rejection approach.
Rejection Fidelity
We would like to determine whether stars rejected by our automated positional analysis of unWISE images are indeed contaminated. The expectation is that if an extraneous point or extended source can randomly offset the centroid positions (and hence contaminate the photometry) of a star, then the fraction of rejected (contaminated) stars among our candidate excesses should be higher than the fraction of rejected stars in an the non-excess portion of the science sample. This is because if a contaminating source is bright enough to influence the photocenter of the star, it is likely to increase the flux of the star as well.
To this end, we compare the fraction of astrometrically rejected stars in two complementary subsets of the science sample. On one hand we consider the population of 271 candidate excesses before any visual or automated rejection, and on the other hand we take its complement of 7666 non-excess stars. We use Welch's t-test to determine whether the fractions of stars rejected from each subset by the centroid checks are significantly different from each other. Thus, this test will tell us whether the null hypothesis can be rejected. Specifically, the null hypothesis is that the means of the rejected and complementary science samples are equal.
The result from this test yielded a p-value of 0.025, indicating that the probability of observing the difference in the means of the two populations, assuming they are the same, is 2.5%. With this, we can reject the null hypothesis and claim that the mean of the two populations are not equal. In other words, though this test does not determine whether all stars astrometrically rejected excesses are contaminated, it does tell us that the astrometric rejection technique is indeed preferentially selecting stars that are selected as candidate excesses.
Our automated checks for contamination by nearby point or extended sources are sensitive to systematic offsets as small as 0.2 pix (0.6 ′′ ) at SNR > 100. This corresponds to a small fraction of the FWHM of the raw unWISE PSF: a tenth at W 3 or a twentieth at W 4. The human eye may be challenged at discerning such small offsets. Nonetheless, it is always instructive to perform a visual inspection of the actual images of the rejected sources.
Figures 8 and 9 show postage-stamp unWISE images of the rejected candidate excesses. Some of the automatically rejected sources clearly show contamination from nearby emission in the unWISE images. This is the case for two of the candidates-HIP 20998, and HIP 63973-rejected by the W 4 narrow vs. wide aperture centroid comparison (Figure 9) . Conversely, the visual case for rejecting the remaining candidates is less clear cut. For instance, HIP 79881 does not appear to be contaminated by extended cirrus based on its zoomed-in unWISE postage stamp image. However, the All-Sky Atlas images show the star to be partially contaminated by cirrus. Indeed, Rebull et al. (2008) discusses the lack of a Spitzer /MIPS 24µm excess, attributing previous IRAS detections with the blending of the source and IR cirrus. In addition, Riviere-Marichalar et al. (2014) do not detect an excess at 70µm. These two studies corroborate our rejection of this excess detection. The images of HIP 35198, and HIP 78010, which possess the largest D M based on their W 3-to-W 4 centroids (seen in Fig. 8 ), show some tenuous extended emission at W 4, as may HIP 28498 and HIP 95793 (Figure 9 ). However, no visible contamination can be seen around most excess candidates rejected at D ′′ ×44 ′′ unWISE W 4 postage-stamp images stars rejected by our point source contamination check because of significant offsets between the W 3 and W 4 narrow aperture centroids (3.06 pixels or 8.42 ′′ ). The red and blue crosses show the centroid locations calculated from the W 4 and W 3 images, respectively. They are over-plotted on only the W 4 images for comparison. The red circles denote the 3.06 pixels (8.42
′′ ) radius aperture used to calculate the centroid position in both bands.
submillimeter by the Atacama Large Millimeter Array (ALMA; Ricci et al. 2015) . In our analysis of the narrow-vs. wide-aperture W 4 centroids it sits slightly beyond the D M0 threshold, below which it would be considered uncontaminated. We note that the centroid offset for this star is ∆r W 4 = 1.26 ′′ in the southwest direction. Ardila et al. (2004) identified a faint background spiral galaxy roughly 6
′′ from HIP 60074 in the same direction as this offset. The position of the galaxy places it within the WISE W 4 beam. The offset between the narrow-and wide-aperture W 4 centroids, and the W 4 flux of HIP 60074, may thus be affected by 22µm emission from the background galaxy. No such projected contaminants are known for the other three previously known debris disks that are rejected by our centroid offset analysis.
It is very likely that some of the stars rejected by the centroid offset comparisons, and for which contamination cannot be visually discerned, have bona-fide IR excesses from debris disks. Nonetheless, we retain the centroid checks as an unbiased and objective indicator of possible IR flux contamination. Our contamination thresholds are established empirically, from the larger parent sample. If a contaminant is well blended with the stellar PSF, the centroid offset may be the only reliable way to identify it.
We also note that some of the stars that we reject upon visual inspection are not identified as contaminated by the automated centroid offset comparisons. Among the twelve visually rejected stars in Table 3 (rejection reason equal to 1), seven (HIP 13631, HIP 27114, HIP 79741, HIP 81181, HIP 82384, HIP 83251, HIP 111136) were not identified as being contaminated by our astrometric rejection method. Upon comparing the Atlas and unWISE images for each of these seven stars, we find visual differences in the structure of the cirrus, as the unWISE images show cirrus which is less pronounced. This is caused mainly by the different smoothing kernels used between the Atlas and unWISE service. Thus, one of two explanations are plausible. The first is that our rejection technique has not been fully N E Figure 9 . 44 ′′ ×44 ′′ unWISE W 4 postage-stamp images of stars rejected by our extended source contamination check because of significant offsets between the W 4 centroids in narrow (red circle, 3.06 pixels or 8.42 ′′ ) and wide (blue circle, 10 pixels or 27.5 ′′ ) apertures. The red and blue crosses in each image are the centroid locations calculated from their respective colored apertures.
customized to detect extended cirrus emission below a certain threshold, or more likely, that we are being conservative in our assessment of what is contaminated from a subjective visual inspection.
RESULTS
Our improved WISE IR excess identification procedure has uncovered 29 candidate excesses that we did not report in PMH14. In Section 5.1.1 we argue that one of these excesses, associated with HIP 910, is likely spurious, which Note-Hipparcos stars with detected mid-IR excesses at either W 3 or W 4. Unless otherwise noted, the stellar temperature and radius were obtained from photospheric model fits to the optical through 4.5µm photometry, as described in Section 3 of PMH14.
a Spectral types are from the Hipparcos catalog. Stars marked with asterisks have had their spectral types estimated from their B T −V T colors using empirical color relations from Pecaut & Mamajek (2013) .
b Parallactic distances from Hipparcos.
c The quoted fractional excesses in W 3 and W 4 represent the ratios of the measured excesses and the total fluxes in these bands. They have not been color-corrected for the filter response, although such corrections have been applied to the estimates of the fractional bolometric luminosities f d of the dust (Table 5 ; see Section 3 of PMH14).
d Saturation corrected W 1 and W 2 photometry (see Section 2.4 in PMH14).
leaves 28 candidate excess identifications not reported in PMH14. These are the 28 excesses whose detection specifics are listed in Table 2 . Nineteen of the 28 excesses are new to the literature, and are addressed in more detail in Section 5.1. The 28 excesses newly identified by our color-selection methods include single-color only excesses (12 at W 4 and one at W 3), weighted-color only excesses (one at W 3 and one at W 4), and excesses that have both single-color and weighted-color detections (13 at W 4). An inspection of the single-color excess significances Σ E for each star shows that all of the new detections are fainter (smaller f d fractional excesses) than those found in PMH14: mainly because of the decrease of the Σ ECL confidence level in our updated FDR threshold determination (Sec. 3.1).
The stellar and dust properties of the 28 candidate excesses are listed in Tables 4 and 5 . These parameters are derived from photospheric model fits to the optical and near-IR photometry from the Hipparcos catalogue and the Two Micron All-Sky Sky Survey (2MASS ), using a procedure similar to the one outlined in PMH14. The only update with respect to PMH14 is that after fitting the optical/IR SED with a photospheric model to determine the best-fit stellar effective temperature, we then scale the model to the weighted mean of the W 1 and W 2 fluxes for consistency with our weighted-excess search methodology. However, we note that without additional longer-wavelength observations, our dust temperature estimates are only approximate.
In most cases we used the W 4 excess and the 3-σ upper limits to the W 3 excess to calculate upper limits to the blackbody dust temperatures. In cases with significant or marginal W 3 excesses, we calculated the actual blackbody dust temperatures. These are cases for where the W 3 excess flux is calculated to be > 3σ below the photosphere. This is because we found that the empirically derived W 1 − W 3 and W 2 − W 3 photospheric colors are mostly negative (see Figures 3 of PMH14) . Hence, if relative to W 1 and W 2, the W 3 fluxes are underestimated with respect to a Rayleigh-Jeans emission, scaling our photospheric model results in an overestimation of the model convolved W 3 photospheric flux.
In the following section, we discuss the new excesses in the context of archival data and of the published literature to assess their reliability and, wherever possible, to elucidate the properties of the dust.
New Candidate Debris Disks
Out of the 28 WISE candidate debris disks discovered since PMH14, 19 are completely new detections with no previously reported excesses at any wavelength. Eighteen of these occur at W 4, and are indicated with 'Y-' in the column labeled 'New?' in Table 2 . These are new excesses at 22µm with no significant 12µm excess emission. One of the 18 new W 4 excesses, associated with HIP 20507, is detected only as a weighted-color excess without showing any significant excess in the individual colors. 
Note-The columns list blackbody temperatures of thermal excesses, inferred separations from the star and fractional bolometric luminosities. Notes: a. W 4-only excess: The W 3 excess flux in this case was > 3σ below the photosphere. A limiting temperature and radius for the dust cannot be determined. See detailed explanation in Section 5. b. W 4-only excess: The W 3 excess flux is formally negative and an upper limit on the excess flux is used to place a 3σ limit on the dust temperature and radius. c. W 4-only excess: Both the W 3 and the W 4 excesses were used to calculate a dust temperature and radius. A 3σ upper limit on the W 3 excess flux was used to calculate a 3σ limit on the dust temperature and radius. d. W 3-only excess: Both the W 3 and the W 4 excesses were used to calculate a dust temperature and radius. A 3σ upper limit on the W 4 excess flux was used to calculate a 3σ limit on the dust temperature and radius. e. A lower limit on the fractional luminosity was calculated for a blackbody with peak emission at λ = 12µm as described in Section 3 in PMH14. f. A lower limit on the fractional luminosity was calculated for a blackbody with peak emission at λ = 22µm as described in Section 3 in PMH14 g. Significant excesses were found both at W 3 and W 4. The dust parameters are calculated exactly using a blackbody for the excess.
The remaining one of the 19 new candidate excesses, associated with HIP 117972, is significant only at W 3, and only in the W 1 − W 3 color. It has Σ E[W 1−W 3] = 2.73: just above the Σ E[W 1−W 3]98 = 2.66 confidence level threshold. It is not confirmed as a weighted-color excess at W 3 because the weighted W 3 excess confidence threshold is higher: at Σ E[W 3]98 = 3.28. Given our adoption of a lower confidence level (98%) for detecting W 3 excesses, it is possible that the excess from HIP 117972 may be spurious. Nonetheless, the star does show a marginal excess also in the W 1 − W 4 and W 2 − W 4 colors. The combined evidence for faint W 3 and W 4 excesses suggests that they may be real, and that HIP 117972 may host a warm zodiacal dust-like debris disk. A joint SED fit to the shorter-wavelength and WISE photometry indicates a ∼531 K dust excess (Figure 10 , bottom left panel) at f d = 1.92 × 10 −4 of the stellar bolometric luminosity (Table 5) .
New Disk Candidates with Archival IR Observations
While none of the stars with new candidate excess detections discussed here have been previously identified as debris disk hosts in the literature, perusal of archival observations from IRAS Spitzer, Herschel, and AKARI reveals data for HIP 910, HIP 20507, HIP 21783, and HIP 67837. HIP 20507 has only IRAS data at 25µm, though the detection is too noisy to place useful constraints and hence we do not include it in our SED fit (Figure 10, bottom right panel) . We discuss the other three candidate excesses with archival observations below, noting that the small HIP 910 W 4 excess found by us is likely spurious. Hence, our total number of new WISE excesses is in fact 19.
HIP 910. -Among the four stars for which archival mid-IR data exist, only HIP 910 has been discussed in the debris disk literature, where it has received considerable scrutiny as a nearby (19 pc; van Leeuwen 2007) near-solar analog (F8V; Gray et al. 2006) . Independent analyses of Spitzer/IRS low-resolution spectra , Spitzer/MIPS 24µm and 70µm photometry (Trilling et al. 2008) , and Herschel/PACS 100µm and 160µm photometry (Eiroa et al. 2013 ) all conclude that HIP 910 does not possess an excess. We find that HIP 910 has small but significant W 2 − W 4 (0.19 ± 0.06 mag) and W 2 − W 3 (0.15 ± 0.04 mag) excesses above the photosphere. As such, HIP 910 would be a candidate for having a zodiacal dust debris disk analog. The inferred 19% excess at W 4 would have only been ∼2σ significant in the MIPS24 observations of Trilling et al. (2008) , hence the non-confirmation in MIPS is not surprising. However, the 15%-19% excess over 10-30µm would have been detected at ∼10σ significance in the Spitzer/IRS analysis of Beichman et al. (2006) . Their low-resolution Spitzer/IRS observations cover a wide wavelength range, 6-38µm, and have superior sensitivity to faint excesses compared to our WISE photometric analysis: because of the better stellar photospheric estimation that is attainable with a larger number of independent short-wavelength data points. Given the lack of confirmation from the Spitzer/IRS observations, we conclude that the candidate W 4 excess from HIP 910 is probably spurious: likely the result of a W 2 measurement that is >3σ below the photosphere. HIP 910 may be representative of the very few ( 2) W 4 false-positive excesses expected beyond our 99.5% FDR threshold.
HIP 910 is the only newly-identified excess candidate in the present study for which published mid-IR observations exist. Because it is also unique in that it is not confirmed as a debris disk in the more sensitive Spitzer/IRS data, this raises the question whether some of our other candidates discussed here and in PMH14 may also be spurious. To determine whether the non-confirmation of WISE excesses from Spitzer/IRS observations is a common occurrence for any of our reported excesses, we searched the recent literature for all of the new excess stars discovered in PMH14. Nineteen of these have had Spitzer/IRS observations published since, all in Chen et al. (2014) . All are confirmed to have Spitzer/IRS excesses. 7 Hence, we can conclude that the non-confirmation of HIP 910 is not typical of our WISE excess detections, and that the remaining 19 new candidate debris disks reported here and the 104 new candidates in PMH14 remain viable.
HIP 21783. -This star is serendipitously included in a single MIPS 70µm pointing in Spitzer program GO 54777 (PI: T. Bourke). We measure a flux of 26 ± 2 mJy from r =16 ′′ aperture photometry on the post-basic calibrated data (PBCD) images, after an aperture correction factor of 2.04.
8 The MIPS70 measurement confirms the presence of a thermal excess. A fit to the optical-IR SED (Figure 10 ′′ aperture photometry on the Level 2.5-processed images, and applied an aperture correction factor of 1/0.577 = 1.733 (following Table 2 of Balog et al. 2014) . The PACS 70µm measurement confirms the thermal excess ( Figure 10 , top right panel). The star is not detected at 160 µm. The inferred dust temperature is 76 K and the fractional dust luminosity is f d = 3.12 × 10 −4 .
New Disk Candidates in Binary Systems
Two of our new excess stars, HIP 2852 and HIP 70022, have M-dwarf companions (De Rosa et al. 2014) . This may be a cause for concern, as these companions might be responsible for the W 4 excesses from these two stars. HIP 2852 has a physical 0.30M ⊙ companion, which corresponds to an M3/4 spectral type, at a separation of 0.93 ′′ ± 0.01 ′′ (45.6 ± 0.49 au). HIP 70022 has a 0.18 M ⊙ (M5/6) companion that is also likely physical (De Rosa et al. 2014) , separated by 1.84 ′′ (116 au) from the central star. Given ∆K s ≥ 5 mag contrasts between the primaries and the companions in both cases, the fluxes from the respective M-dwarf companions are not enough to produce the observed 13%-16% W 4 excesses. Therefore, we conclude that both stars possess real mid-IR excesses that are likely associated with debris disks. After factoring the companion separation for both of these stars, the dust in each system is expected to be circumprimary and not circumbinary.
Confirmation of Previously Reported 22µm Faint Debris Disks
In Section 5.1.1, we discussed all 19 new debris disks reported in the present work. We now discuss the nine additional debris disk excesses that have been published by other teams and that we recover here, but that were not identified in PMH14. Amongst them, is HIP 26395, a star for which we report a new small W 3 excess. We had previously identified a W 4-excess for HIP 26395 in PMH14.
Five of the W 4 excesses have been independently reported as such from WISE : four by Vican & Schneider (2014, ; HIP 12198, HIP 21091, HIP 78466 and HIP 115527) and one by Mizusawa et al. (2012, ; HIP 92270) . We determine upper limits on the dust temperatures in these systems (Table 5) as we have done for the newly reported debris disks (Section 5) and in PMH14. Our dust temperature limits are consistent with, albeit generally more stringent (131-203 K) than reported in Vican & Schneider (2014) for the four stars in common. We use the individual 3-σ upper limits on the W 3 excess fluxes, rather than assume a uniform 200 K dust temperature upper limit based on the lack of W 3 excesses. No dust temperature information is given by Mizusawa et al. (2012) for the fifth star.
Three of the W 4 excess hosts (HIP 42333, HIP 42438 and HIP 100469) have published mid-and far-IR excess detections from Spitzer. The longer-wavelength detections affirm the existence of debris disks around these stars, and provide greater constraints on the dust properties in these systems. Plavchan et al. (2009) reported MIPS 24µm and 70µm excess detections for HIP 42333 and calculated the dust temperature of the excess to be T < 91 K. Our estimates of the blackbody dust temperature solely from the W 4 excesses and the W 3 3-σ upper limit yield a hotter, yet consistent result (T BB < 344 K). HIP 42438 and HIP 100469 are both known to have excesses between 8-30µm from Spitzer/IRS and at 70µm from Spitzer/MIPS. Chen et al. (2014) report multi-temperature debris disks for both stars, and WISE All-Sky Catalog (W 1, W 2) photometry. For HIP 20507, we also fit the photosphere using W 3 -as indicated by the green circles. After fitting, the photosphere was further scaled to the weighted average of the W 1 and W 2 fluxes to take advantage of the synchronicity and uniform calibration of all WISE photometry. The W 1 and W 2 photometry were corrected for saturation following PMH14. W 3 and W 4 All-Sky photometry are green stars at 12 and 22µm in each plot. We fit blackbody curves (magenta dashed-dot curves) to excess fluxes (open magenta diamonds) and 3σ upper limits (red arrows) red-ward of W 3. The combined photosphere and excess emission for each star is plotted as solid black line. HIP 21783 and HIP 67837 are new W 4 excesses we identified from the significance of their W 2 − W 4 and W 3 − W 4 color, respectively. We also use archival Spitzer/MIPS 70µm and Herschel/PACS 70µm fluxes to further constrain the dust temperature fits for HIP 21783 and HIP 67837, respectively. The Spitzer and Herschel fluxes were obtained as described in Section 5.1.1. In addition, HIP 117972 is a new W 3-only excess which we identified from the significance of its W 1 − W 3 color, while HIP 20507 is a new weighted W 4 excess. The upper-limit IRAS 25µm flux is plotted, although it does not provide any useful constraints.
with ∼70-80 K cold dust components and <499 K warm dust components. Our single-population dust temperature estimates from W 3 and W 4 are consistent: T BB < 432 K for HIP 42438 and T BB = 131 K for HIP 100469 (for which we measure a significant excess also at W 3). Finally, HIP 26395 was already included in PMH14 as a W 4 excess, and is known to harbor cold dust with 70µm emission (Ballering et al. 2013) . Here, we report the additional detection of a weighted W 3 excess. Chen et al. (2014) independently report a 10-30µm excess seen in Spitzer /IRS data. Chen et al. find that HIP 26395 has a multi-temperature debris disk, similar to those around HIP 42438 and HIP 100469: a cold component at T=94 K and a hot component at T=399 K. Again, our single-population dust temperature (146 K) is consistent with the two-population dust model of Chen et al. (2014) . Notably, our detection of the weighted W 3 excess shows that our improved technique can detect as faint a population of excesses as is detectable by Spitzer /IRS thanks to our increased precision in determining the level of the photosphere.
Unconfirmed WISE 22µm Excess Candidates from the Literature
Our study is constrained only to WISE excesses from B9-K main sequence Hipparcos stars within 75 pc and outside of the galactic plane. We compare our findings to searches for WISE debris disks within this volume. The main comparison studies are those of McDonald et al. (2012) ; Mizusawa et al. (2012) ; Wu et al. (2013) ; Cruz-Saenz de Miera et al. (2014) ; Vican & Schneider (2014) , and most recently, Cotten & Song (2016) .
Similarly to our approach, Mizusawa et al. (2012) ; Wu et al. (2013) , and Cruz-Saenz de Miera et al. (2014) used WISE colors, at least in part, to seek mid-IR excesses from debris disks. As already discussed in PMH14, we reliably recover all of the excesses reported in Wu et al. (2013) and Cruz-Saenz de Miera et al. (2014) that pass our strict photometric quality selection criteria. This is also largely the case for the Mizusawa et al. (2012) work, although we do not recover five of their 22 candidates because they are either outside of our search region (HIP 55897 being in the galactic plane) or suffer potential contamination: from a close binary companion (HIP 88399), from saturation in the three shortest-wavelength WISE bands (HIP 61174), from other sources based on their WISE confusion flags (HIP 18859 and HIP 100800), or as inferred from discrepant photometry between the reported WISE values and the averaged single-frame measurements (HIP 18859; see Section 2.3 of Patel et al. 2014a) .
The set of studies by McDonald et al. (2012) ; Vican & Schneider (2014) and Cotten & Song (2016) follow a different excess search approach, comparing stellar photospheric models to optical-through-infrared SEDs that incorporate photometry from multiple instruments and epochs. As we discussed in PMH14 and in Section 1, this method is vulnerable to systematics induced by differences in photometric calibration among filter systems and by stellar variability. The presence of systematics is evident from the fact that (model plus) SED-based searches result in non-negligible numbers of large "negative" excesses, to the tune of −5σ to −10σ. Consequently, the reliability of positive outliers at comparable numbers of standard deviations-which would be considered candidate excesses-is diminished.
Our WISE -only color-based search overcomes these systematic issues. Because we only use the measured WISE colors we circumvent any instrument-to-instrument and epoch-to-epoch systematics. In addition, by empirically calibrating the photospheric colors of stars in WISE, we have removed the spectral response dependence in estimating the stellar photosphere. This latter point is particularly important as the published WISE filter profiles carry a residual color term depending on the slope of the mid-IR SED (e.g., Brown et al. 2014 ).
We do not recover substantial fractions of the excesses reported in SED-based searches: e.g., 41 of the 81 excesses in Vican & Schneider (2014) that pass our selection criteria. In some cases the W i − W 4 (where i < 3) colors are in fact significantly negative (PMH14), meaning that the apparent excesses are not confirmed in WISE data alone, and may thus be the result of the systematic uncertainties in the WISE photometric zero points (Wright et al. 2010) or of stellar variability between the WISE and prior photometric epochs. At the same time, it is not surprising that with our presently more aggressive color-excess detection thresholds (Section 3.1) relative to PMH14, we now recover some additional candidate excesses (Section5.2) reported by Vican & Schneider (2014) . A comparison to the much more comprehensive Tycho-2-based WISE study of Cotten & Song (2016) is forthcoming.
DISCUSSION: SINGLE-VS. WEIGHTED-COLOR EXCESS SEARCHES
We have presented an improved set of procedures for detecting IR excesses in individual WISE colors (Section 3.1), and also an approach to combining the individual colors and producing a weighted-color excess metric at W 3 or W 4 (Section 3.2). Here we compare the two methods. For consistency, we perform the comparison only over the sample of stars with valid WISE photometry in all four bands.
The Venn diagrams in Figure 3 show the correspondence between the single-and weighted-color excess detections in this sample. The weighted excess metrics confirm all five of the single-color W 3 excesses, and 165/175 (94.3%) of the single-color W 4 excesses from PMH14 and from Section 3.1. Perhaps surprisingly, we find only two new excesses in the weighted-color selections: one at W 3 and one at W 4.
Our initial expectation was that by averaging down the photometric uncertainties, a weighted-color excess search might have been able to produce significant detections of previously marginal single-color excesses. In reality however, all of the individual color components in our weighted-color excess measure are correlated through their common use of the same longer-wavelength filter. Thus, the three individual W i − W 4 colors are correlated, and do not give independent assessments of the presence of a W 4 excess. Consequently, the averaging in the weighted-color excess combination does not substantially improve our sensitivity. Moreover, a consideration of the WISE photometric uncertainty distributions (Figure 11) shows that the W 4 photometric errors dominate. As a result of the large W 4 photometric errors, combining the individual W i − W 4 colors only marginally improves the accuracy of the W 4 excess measurement. The weighted-color excess metric does produce higher-fidelity excesses, but only slightly so.
Conversely, if a star's WISE single-color excess is not confirmed by the weighted-color excess metric, then the singlecolor excess might be considered suspect. That is, the ten stars that are not detected in our weighted W 4 excess search Number of Stars Figure 11 . Distributions of photometric uncertainties for all four WISE bands for the 12654 stars in the weighted W 4 parent sample, including stars with saturated and then corrected W 1 and W 2 photometry. The large spread in σW 4 is expected because of the lower absolute flux levels in W 4. It is evident that the mean σW 1 is larger than the means of σW 2 or σW 3. The W 2 − W 3 color is thus in principle most sensitive to small amounts of excess, although in practice most of the detected excesses come from W 3 − W 4.
( Figure 3b ), might be false detections. Nonetheless, there are two reasons for which a star may not have a weighted W 4 excess but may still be a bona-fide debris disk detection from a single-color excess. The first is that the presence of a small but positive W 3 excess can decrease the overall significance Σ E[W 4] of the W 4 three-color-weighted excess. Six out of the ten unrecovered stars in the weighted W 4 search have small but positive W 1 − W 3 or W 2 − W 3 excesses (HIP 8987, HIP 13932, HIP 21918, HIP 43273, HIP 82887, and HIP 85354) . In an attempt to potentially increase the number of new detections, we then ran a two-color weighted search by excluding the W 3 − W 4 color and only using W 1 − W 4 and W 2 − W 4 in the weighted-color excess metric (Equation 4). However, the two-color weighted W 4 excess search did not bear any new fruit; it produced just as many new stars when compared to the set of single-color detections as the three-color weighted search had produced. We attribute the lack of an increase in detections from the two-color weighted search to the fact that the W 3 photometric errors are on average smaller than at W 1 and W 2 (Figure 11 ). That is, the elimination of W 3 − W 4 from the weighted-color excess calculation removes a slight bias against detecting W 4 excesses by eliminating marginally significant W 3 excesses. However, any gains are offset by the greater uncertainty in the W 1 and W 2 photometry. That is, by excluding W 3 − W 4 we are excluding a large fraction of the "excess signal," and leaving more of the noise (Figure 12) .
The fact that the W 3 photometric errors are on average the smallest indicates that some bona-fide faint W 3 − W 4 excesses may not be confirmed in W 1 − W 4 and W 2 − W 4, and even in the weighted W 4 excess. This is the second reason for which some of the single-color candidate W 3 − W 4 excesses probably reveal real debris disks, even if they are not confirmed in the weighted W 4 analysis. Such is the case for the remaining four of the ten single-color excess stars that are not recovered by the weighted-color excess metric: HIP 1893, HIP 70022, HIP 92270, and HIP 100469. All of these are W 3 − W 4-only single-color excess detections and have much larger photometric uncertainties in W 1 and W 2 than in W 3: not surprising as all four stars are saturated in W 1 and W 2. Even though we correct the saturated photometry of these stars, the resulting photometric uncertainties will always be larger than those of unsaturated stars. The excess significances for the ten stars with single-color W 4 excesses in PMH14 that were not recovered with the weighted W 4 excess metric in this study (see Figure 3b) . Each vertical colored line corresponds to the current 99.5% detection threshold for each color listed in the legend. We see that the weighted W 4 excess threshold (Σ E[W 4] ) effectively averages the individual single-color detection thresholds. The stars that are not confirmed in the weighted-color selection possess significant single-color excesses in only one or two colors.
CONCLUSION
We have presented a series of techniques that improve the ability to detect and verify the existence of WISE mid-IR excesses from debris disks around main sequence stars. First, we have implemented an improved assessment of the confidence threshold beyond which stars with IR excesses can be identified based on their WISE colors. This has revealed 18 new potential debris disks around main-sequence Hipparcos stars within 75 pc.
Second, we have presented a method that uses an optimally-weighted average of multiple WISE colors to identify W 3 and W 4 excesses, in an attempt to attain greater accuracy compared to using individual WISE colors. While the color weighting approach has the potential to identify fainter IR excesses, most of the excesses are expressed only at W 4: the band with the largest W 4 photometric uncertainties. Hence, we are unable to uncover a substantial new population of debris disks, and add only two new detections. For one of these, HIP 26395, we detected a weighted-W 3 excess on top of the W 4 detection found in PMH14. However this star was already known as a debris disk host from previously published longer-wavelength observations. The second, HIP 20507, is the only new debris disk candidate we detected from its weighted-W 4 excess. Finally, we implement an astrometric technique to discern bona-fide IR excess sources from ones that are contaminated by blends from unrelated nearby point or extended sources. We use the original unsmoothed WISE images available through the unWISE service to assess the positions of the stellar centroids between W 3 and W 4, and between W 4 measurements with two different aperture sizes. We reject eleven candidate excesses with this approach, four of which had been reported in the previous literature as debris disk candidates. HIP 68593 and HIP 95793 have well established excess detections (e.g., Carpenter et al. 2009; Draper et al. 2016, ,respectively) , while HIP 60074 has a spatially resolved cold dust disk (Ardila et al. 2004) . HIP 19796 also has a Spitzer /MIPS identified excess K S -[24] = 0.09 mags (Stauffer et al. 2010; Urban et al. 2012) . However, given this star's relatively small excess and that we identified it as a an astrometric rejection, we feel the existence of its debris disk may be questionable. As we have stated previously, the rejection of any debris disk candidate using our astrometric technique, though it may indicate the presence of a blended background source, does not necessarily discount the existence of a circumstellar debris disk. Although we do not eliminate visual checks of the WISE All-Sky images after excess identification, the automated assessment of the stellar centroid offsets provides a sensitive and objective metric to assess contamination.
Overall, the use of a weighted-color excess combination of WISE colors improves the reliability of candidate IR excess detections from individual WISE colors at the cost of potentially overlooking a remaining small population of faint W4 excesses. Even though the fraction of debris disk-bearing stars within 75 pc does not change significantly from the findings in our previous study, the verification through weighted colors and the positional checks using higher angular resolution images provide confidence that the 19 new disks discovered here are real, and not spurious or contaminated. Thus, combined with the PMH14 results, we find a total of 9 W 3 and 229 significant W 4 excesses from <75 pc Hipparcos stars in WISE. As of the current study, 107 of these represent previously unreported 10-30µm excesses, 101 of which represent entirely new debris disk detections within 75 pc. This expands the 75 pc debris disk sample by 22% around Hipparcos main sequence stars and by 20% overall (including non-main sequence and non-Hipparcos stars). 
